Abstract. Laboratory experiments indicate that an advancing ejecta curtain displaces the atmosphere and creates strong winds that entrain large amounts of fine-grained ejecta. A theoretical model describing the interaction between an atmosphere and the outward moving ejecta curtain allows one to estimate the magnitude and velocity of the winds in the induced ring vortex in order to establish the importance of such winds at planetary scales. Model estimates for the initial magnitude of the flow within the basal vortex match experimental results within observational uncertainty and reveal that the flow in the ring vortex is turbulent. Successful comparisons of the vortex generation model with experiments allow preliminary applications to be made at much broader scales. Curtain generated winds by a 30-km-diameter crater should entrain ejecta particle diameters smaller than 5 mm on Mars, 30 cm on Earth, and 8 m on Venus.
Introduction
Ejecta trajectories from an impact generate a curtain, forming an inverted hollow cone or frustum that expands outward [Gault et al., 1968; Oberbeck, 1975] . In an atmosphere, the lower portion of the ejecta curtain acts as a barrier that forces atmosphere around it, causing flow separation at its top edge Gault, 1979, 1982; Schultz, 1992a ] in a manner similar to when flow impinges upon a knife's edge [Prandtl and Tietjens, 1934] . A ring vortex forms behind this advancing curtain. Airflow impinging on the curtain and within the vortex decelerates and entrains sufficiently fine grained ejecta ( Figure 1 ). As the flow decays, winds in the vortex may initially scour ejecta and target surfaces, with the coarse grained ejecta deposited in contiguous ramparts, and finer fractions in flow lobes. Such features are strikingly similar to nonballistically emplaced ejecta deposits on Mars, Earth, and Venus. Evidence consistent with atmospheric effects on ejecta emplacement includes (1) absence of secondaries around craters with fluidized ejecta on Mars [Schultz and Singer, 1982] ; (2) two stages of ejecta emplacement where the outer lobe of multilobe impact craters on Mars and Venus override the inner ejecta lobes [Schultz and Gault, 1979; Schultz, 1992b] ; (3)order of magnitude estimates of the wind intensity created by the curtain exceed present-day wind strengths known to transport eolian material [Schultz, 1992a] ; (4) nonballistic emplacement of ejecta indicated by deflections around obstacles [Schultz, 1992b] ; and (5) consistency of first-order run-out distances with crater size and with regional lithology [Schultz, 1992a] .
Other proposed mechanisms describe the nonballistic emplacement of ejecta facies on planets. One mechanism has been attributed to the presence of water or volatiles which would reduce the viscosity in initially ballistically emplaced ejecta and result in flows similar to mud-slide [Carr et Mars [Schultz, 1992a] .
Because an atmosphere also causes the ejecta curtain to decelerate and steepen to near vertical, gravity could cause ejecta small enough within the curtain to collapse [Schultz and Gault, 1979] . Ejecta would then flow downward and outward, sliding along the surface as a sturzstrom as described by Hsii [1975] for avalanches to produce lobate structures Gault, 1979, 1982; Herrick and Phillips, 1994] . Other than initially decelerating the ejecta, the collapsing ejecta model of Herrick and Phillips [1994] , however, ignores the action of the ejecta curtain on the atmosphere. Laboratory-scale experiments and simplified calculations suggest that curtain-driven vortex winds may strongly affect ejecta entrainment and deposition during planetary cratering [Schultz, 1992a, b] . However, previous calculations of the strength of these winds were based simply upon the advancing velocity of the ejecta curtain [Schultz, 1992a] . The present study develops a fluid dynamical model for the generation and initial decay of these curtain-driven winds, thereby addressing quantitatively the physical processes responsible for the winds formation and importance at broad scales. The winds calculated by the model are the result of the ejecta curtain mechanically displacing the surrounding atmosphere at late stages in the impact process to produce a ring vortex. Such a ring vortex is not the result of shock and thermal effects that occur early in the cratering process, well before late-stage 21,100 process. We do not address mechanisms for final ejecta deposition in this study; rather we focus on the mechanics by which an ejects curtain generates strong winds, thereby entraining and carrying ejects prior to its deposition.
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Theory
In order to determine the variables which control the strength and behavior of the winds created by an advancing Shear stresses acting at the inner surface of the ejects curtain due to the upward motion of individual ejects in the curtain probably do not affect the formation of the lower vortex. To demonstrate this, a solid plate analogy for the ejects curtain indicates that the shear stress x acting on the lower vortex by ejects particle motion in the curtain is given by [Rosenhead, 1963; White, 1986] Table 1 ). A flow separation model therefore should allow a reasonable estimate for the circulation or strength of the flow generated in the lower ring vortex, since shear drag is minimal. Laboratory observations also indicate that the region of flow separation at the top of the curtain is small compared to the impermeable portion of the curtain when the vortex is first created. For such conditions, existing theory allows estimating the circulation created by a vertical plate advancing at a constant velocity from rest into an inviscid and incompressible fluid [Anton, 1939; Wedemeyer, 1961] . The solution for the flow field that allows calculating this circulation was determined by applying Kaden's [1931] [Rott, 1956] . Furthermore, experimental and numerical evidence indicates that viscosity plays an important role in forming a second small, counterrotating vortex near the point of flow separation which is not accounted for in the inviscid models [Rott, 1956; Pullin, 1978] .
BARNOUIN-JHA AND SCHULTZ: EJECTA ENTRAINMENT BY RING VORTICES

21,101
Fortunately, both of these issues are not significant when considering an advancing ejecta curtain. First, the back surface of the curtain travels at velocities comparable to the velocities generated by flow separation in the fluid behind the curtain, thereby eliminating any viscous stresses. Second, the KuttaJoukowski condition must apply because the flow impinging upon the curtain is observed in experiments to bend sharply around the impermeable portion of curtain, thereby resembling the edge of a plate rather than a wedge [Schultz and Gault, 1982; Schultz, 1992a] .
Even though the solutions of flow around a wedge do not apply strictly to the problem of the ejecta curtain, laboratory experiments reveal the theoretically expected flow behavior. For example, a robust feature of numerical solutions that maintain both inviscid flow and the Kutta-Joukowski is that a wide wedge creates an elliptical vortex sheet [Pullin, 1978] . Quarter space experiments reveal that the basal vortex exhibits such a shape when it is first created. To estimate the circulation or flow strength of the vortex sheet created behind the advancing ejecta curtain, we adopt the same assumptions as for the solution of flow past a vertical plate [Anton, 1939; Wedemeyer, 1961] experiments over a wide range of Reynolds numbers including for vortices shed off commercial jet airfoils [Bradshaw, 1973] . This model tends to slightly overestimate vortex decay at laboratory scales while accurately estimating decay at larger scales [Owen, 1970] .
Unlike the experiments of $allet and Widrnayer [1974] , the curtain-generated basal ring vortex expands outward. The Oseen line vortex model therefore must be modified to maintain energy and angular momentum constant for the ring vortex as the vortex expands in three dimensional space. In order to conserve energy, the flow velocity in the vortex core must decrease as 1/xlR where R is the vortex toroid radius (see Figure   2 and the appendix). The circulation F in (5), (6), and (7) Micro spheres 100 500
Experiments
The above theory can be tested experimentally by first measuring the parameters necessary to compute both the circulation and the radius of the vortex sheet created by an advancing ejecta curtain. Once the circulation F and the radius of the core of the start-up ring vortex are estimated, computations can be compared with measurements of the vortex size during formation and decay, as well as with the position of the vortex core as a function of time. Because the theory for the flow velocity within the vortex and the position of the vortex core as a function of time applies to a single phase fluid, our experiments are designed to minimize ejecta entrainment.
Quarter-space experiments (Figure 3; Table 2 ) at the NASA AVGR allow one to measure the variables necessary to compute both the circulation and the radius of the ring vortex just before the curtain becomes permeable, as well as the radius and position of the ring vortex thereafter. A coarse sand target (24 sand in Table 3 ) creates a sufficiently impermeable ejecta curtain to induce flow separation and a ring vortex. The magnitude of the flow, however, is insufficient to entrain the sand [Schultz, 1992a] . In order to visualize the flow without significantly altering the kinematic viscosity and density of the flow, small microspheres (Table 3) 
Discussion
The results indicate that the theory generally accommodates the observations. Consequently, the theory is believed to take into account the primary physical mechanism controlling the behavior of the ring vortex at the time of flow separation and The observation that the velocity in the ring vortex is turbulent agrees with observed turbulent ring vortices generated by an accelerating piston [Sallet and Widrnayer, 1974] . Such a piston is roughly analogous to a decelerating ejecta curtain just before completion of crater growth.
It is important to determine whether the flow present in the ring vortex is laminar or turbulent, since the choice affects the lifetime of the winds created by an advancing ejecta curtain. This is especially significant in future studies where we wish to examine how curtain generated ring vortices control the final ejecta emplacement process. Additional physical processes. The small but apparent differences between the theory and observations occur because two physical phenomena of secondary importance also affect the flow in the ring vortex: first, the containment of the ring vortex by the particle flow in the adjacent ejecta curtain and, second, the compression of the ring vortex as it pushes itself against the target surface.
Immediately after the curtain becomes permeable, the core of the vortex ring continues to move upwards while it is near the curtain (immediately after S in Figures 5 and 10 Three forces act upon an ejecta particle at the top of the impermeable portion of the ejecta curtain just when the curtain becomes permeable (1) atmospheric drag due to the ballistic motion of the ejecta, (2) atmospheric drag due to the winds separating of the top edge of the curtain, and (3) gravitational pull (Figure 11 ). Balancing these forces permits one to estimate the maximum ejecta particle diameter that will be entrained out of the curtain by curtain generated winds. Ejecta entrainment by winds derived from the top of the ejecta curtain will not significantly reduce the entrainment capacity of these On Mars and Venus, calculations show that by the time of crater formation most of an ejecta curtain will be surrounded by atmosphere at ambient atmospheric pressures [Schultz, 1992b] . However, the temperature and hence density of the atmosphere may not recover from the initial impact shock by this time. Figure 12 shows the effect of increasing the ambient temperature by a factor of 100 on the size of ejecta en- The above estimates for entrained ejecta diameters are probably conservative because they represent ejecta entrained directly from the top of the impermeable curtain (Figure 11) . The winds in the core of the ring vortex are stronger than those at the top edge of the curtain, and potentially can transport larger ejecta from the backside of the curtain. Similarly, larger particles from the target surface can be transported because they are subject to (1) winds whose velocity sums the flow velocity in ring vortex and the lateral velocity of the expanding ring vortex; and (2) saltation by ejecta already entrained in the winds [Schultz, 1992a] . Ejecta entrained in curtain-derived winds may offset increases in their entrainment and carrying capacity because ejecta within curtain-derived vortices should reduce their flow velocity more rapidly than by atmospheric viscous diffusion and target shear drag alone. The large ejecta that curtain-driven winds can entrain even when the atmosphere is heated suggest that such winds most likely play an important role in the ejecta entrainment and deposition process on planets with atmospheres. Results suggest that on present-day Mars where the atmosphere is tenuous, ejecta entrainment and deposition as described by Schultz and Gault [1979, 1982] 
Concluding remarks
Comparison between experiments and theory indicates that the start-up vortex model provides a physically reasonable magnitude for the circulation created by an advancing impermeable ejecta curtain. After the curtain becomes permeable, the general behavior of the ring vortex is attributed to turbulent flow in its core. Turbulent flow models (in particular, the RTM) reproduce the growth of the ring vortex, the outward motion of the ring vortex before t/T = 3, and the winds (flow velocity) of the ring vortex at the target surface. Although the turbulent models underestimate the general run-out of the ring vortex after t/T-3, such models reproduce the general behavior of the motion of the observed ring vortex. The laminar models are far less satisfactory in reproducing critical aspects of the ring vortex.
Small differences between the theory and the experiments arise because the theory does not take into account shear drag acting on the established ring vortex by the ejecta moving upward along the inner surface of the curtain. Nor does it include the average reduction in growth of the ring vortex as it pushes itself against the target surface. Both effects restrict the growth and thus the decay rate of the ring vortex when compared with turbulent theory.
This study demonstrates that curtain-driven winds possess significant ejecta entrainment capacity and should play a significant role in the emplacement of ejecta on planets with atmospheres. The model results indicate that many of the atmospheric processes responsible for ejecta entrainment, transport, and deposition at laboratory scales very likely help create the ejecta morphology of planetary craters. Future studies will assess more completely the entrainment of ejecta by winds created during largescale impacts in different atmospheric environment. Such studies will analyze the atmospheric and physical parameters which control the time at which the ejecta curtain becomes permeable and will consider craters larger than 30 km in diameter by including the effects of supersonic flow separation and a stratified atmosphere. These studies will also consider mechanisms by which a ring vortex dissipates due to either ejecta entrainment, viscous diffusion or surface shear drag to assess to what extent impact-derived atmospheric vortices control ejecta emplacement processes and to what extent turbidity type flows derived from these vortices control ejecta emplacement. 
